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ABSTRACT
Previous attempts by R. W. King and others to study the
dynamics of the earth-moon system through analysis of laser
ranging and radio interferometry observations of the moon
have suffered from two problems. One was that of efficient-
ly using the available interferometry observations, which
number over 2x105 . Second, the estimated uncertainties of
some of the dynamical parameters determined in the analysis
of the combined laser and interferometry data were anoma-
lously small. The formal standard errors obtained from the
combined analysis were much smaller than those from an anal-
ysis of laser data alone. No satisfactory explanation of
this apparent reduction in uncertainty has been offered.
To attack the first problem, I have applied a method to re--
duce the number of interferometry observations about ten-
fold without throwing away significant information. I have
also found the explanation for the small uncertainties, which
turn out to be spurious. My analysis of the combined laser
and interferometry data gives formal errors comparable to
those obtained using laser data alone.
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INTRODUCTION
Both observational and theoretical studies of the mo-
tion of the moon have reached a high degree of precision in
recent years. With this precision, it has become possible
to study some of the more subtle effects in the dynamics of
the earth-moon system and to test alternative theories for
those effects.
The theories that can be studied cover a wide range of
interest. For example, theories of gravitation have been
tested (Shapiro et al,1976). Theories for the moon's evo-
lution can also be compared. The gravitational field and
moments of inertia of the moon reflect the mass distribu-
tion. In particular, the determination of higher order
harmonics of the gravity field gives information about the
non-sphericity of the distribution. The moments of inertia
give information on the radial density distribution. This
information is important in determining the degree of dif-
ferentiation of the moon. Any detection of effects of in-
ternal elastic energy dissipation would be important in
indicating whether and how much of the moon's interior is
melted. Also, lunar observations can be used to study
effects on the earth, such as solid body tides, or varia-
tions in the earth's rotation rate (Mulholland,1977).
There are two recently developed techniques being used
in the study of the dynamics of the earth-moon system.
Lunar Laser Ranging (LLR) has been available since the Apollo
astronauts first placed a retroreflector on the moon's sur-
face. Laser pulses are fired at a retroreflector and the
round trip flight time or range is determined.
The other observation technique is that of Differential
Long Baseline Interferometry (DLBI). In this technique, the
radio signals from the Apollo Lunar Surface Experiments
Packages (ALSEP) left on the moon are observed. Two or
more ALSEP's are viewed simultaneously by two ground sta-
tions. The difference between the phases of the signals
received from two ALSEP's at one station are subtracted .from
the same difference at the other station. The resulting
time-varying observable is sensitive to the relative posi-
tions of the transmitters, and thus to the moon's libration.
The LLR observations are used with the ALSEP observations
to provide sensitivity to other parameters, such as the
moon's orbital position.
Previous work using these techniques was done by King
(1975) and King et al (1976). Since my work was based on
theirs, I will describe their analysis in more detail.
PREVIOUS WORK
The LLR observations King used were from October, 1970
through June, 1974. The ALSEP data was collected between
March, 1973 and January, 1976. King used only the first 16
months of this data.
Analysis of the data was carried out with the Planet-
ary Ephemeris Program (PEP) developed at MIT. The orbital
motion of the moon was numerically integrated using equations
of motion developed by M. E. Ash, M. A. Slade and King.
(Ash,1965; Slade,1971) The moon's libration was taken from
a numerical integration model called LLB-5 developed by
J. G. Williams at the Jet Propulsion Laboratory. The para-
meters in the models were estimated in PEP by the weighted
least squares method. The parameters adjusted included
those for the lunar orbital elements, moon rotation initial
conditions, the moon's principal moment of inertia ratios
6 and Y, third-degree harmonic coefficients for the moon's
gravity field, the mass of the earth-moon system, and three
coordinates for each observing station, Apollo retroreflec-
tor and ALSEP transmitter.
A problem with the work done by King has been the lack
of a satisfactory explanation for how the addition of the
ALSEP data to the LLR data appeared to enable the determi-
nation of some parameters with much smaller uncertainties
than were obtained with the LLR data alone. The particu-
lar parameters affected were the moon's moment of inertia
ratio 3, and the gravity field coefficients C31 and C33.
The improvement of the uncertainties was by a factor of
about 10. It is important to know if this improvement is,
in fact, real. The improvement had been doubted, because
no suitable mechanism could be found that would enable the
ALSEP observations to be more sensitive to or to better
distinguish between these parameters than the laser obser-
vations.
Another problem King faced was the quantity of the
ALSEP data. The observations were taken over three years,
about one period of one of the moon's lower longitude li-
bration frequencies, but only 16 months, less than half,
of the data were ever analyzed. The reason that the total
amount of data hasn't been used is there are too many points.
In an observation series, which is an uninterupted time span
when the signals from two ALSEP's are followed by two ground
stations, data are recorded at one minute intervals. Over
the three years, more than 2x105 points in 900 series were
accumulated. King compromised and used only every third
point in series that were then available, that is the series
covering the first 16 months.
CURRENT WORK
So, the quantity of data had to be reduced somehow
without throwing away significant information or introduc-
ing any bias. Before my arrival, W. R. Snow had worked on
a computer program to achieve this reduction. I took over
the project and have developed a program to 'condense' the
data to one point per half hour. First, each series had
to be edited. Using orbit and libration models and para-
meter values determined in a recent fit to laser observa-
tions, the observed minus computed value of the differenced
phase, 'O-C', was calculated for the ALSEP observations in
PEP. With the drift in 0-C never larger than several hun-
dred degrees of phase, gross errors could be found and
edited out. These errors included low elevation angle
observations, loss of lock on the signal and others. Then,
each series was condensed. Over about half an hour, the
O-C appears to scatter about a straight line. A straight
line is least-squares fit to half an hour's worth of O-C's
and the observed value of the point nearest in time to the
center s changed to make O-C lie on the line. This point
is then the one condensed point for that half hour. In
most series every third point from the uncondensed data
is used so that 10 points per half hour are condensed to
one. The scatter of the points about the line is used to
determine the uncertainty of the condensed point. After
condensing each series, the program puts the series in
chronological order onto one magnetic tape. In this way,
the data has gone from many tens of tapes that could not
be processed at the same time, to one file on one tape.
Also, PEP had to be modified slightly to handle this new
form of the data. A series before and after condensing is
shown in Figure 1. As can be seen, the condensing of the
data worked quite well.
The ALSEP data used by King was condensed by this
method, and then used with the LLR data in an attempt to
-reproduce King's results. My intention was to check my
condense procedure, but when unexpectedly large differ-
ences showed up between the condensed and uncondensed solu-
tions, I considered various causes of these differences.
A likely possibility seemed to be the libration model. To
check this possibility, I did another solution with a nu-
merical integration model, called Euler 1, produced at MIT
by R. J. Cappallo, et al(1977). In addition to these re-
productions of King's work, I edited and condensed the
rest of the ALSEP data and have used it with the same LLR
data in solutions.
RESULTS
It is apparent, now, that a PEP error was made by King
in performing his solutions. The error resulted in bad
partial derivatives of the observable with respect to the
moon's moment of inertia ratios, $ and Y. These partials
drastically reduced some correlations in the parameter
estimation from those using LLR data alone. Specifically,
the correlations between and C31 and between Y and C33
were reduced, yielding much smaller formal errors for
these parameters than there should have been.
The solution using the condensed data did not yield
such small values for the formal errors of , Y, C3 1, and
C33. The correlations between these parameters were only
slightly reduced from those obtained using only laser data.
Consequently, the formal standard errors are about the same
as from the LLR data alone. The solution using the Euler 1
libration model with the condensed data gives results al-
most identical to the solution using LLB-5. This agreement
between the libration models then led to the discovery of
the programming error. The parameter estimates and uncer-
tainties, other than the four discussed above, agree well
between my solution using the condensed data and King's
solution. Values from different solutions of S and y and
the harmonic coefficients are shown in Table 1. The uncer-
tainties in the last three columns are a factor of 10 times
the formal standard error for f, C32 ' S31 ' '32 , and S33 and
a factor of 20 for y, J3, C31, and C33. These factors were
determined by King(1975) by observing the disagreement of
parameters between solutions using different groups of
ALSEP data. These factors were used for my solutions for
comparison and are probably not accurate. The second last
column is from the solution using the same data except con-
densed as King. The last column is from the solution using
the whole ALSEP data time span showing the agreement (or
disagreement) with previous results. Following is a list of
the ALSEP observations that have been condensed and were
used in my solutions. Work is continuing on the final edit-
12
ing of the ALSEP data and to determine the reliability of
these results. These same solutions should also be done
using the recent orbit and libration models and should
include the LLR observations that have been taken since























Figure 1 A typical observation series (series 287N) cover-
ing four hours is plotted. The abscissa is time in Julian
days. The ordinate is the prefit residual phase, 0-C, in
degrees, The triangles are the residuals for the series









Estimates of Libration Parameters and





























































The list shows the ALSEP observation series that have
been condensed. These are the series left after the edit-
ing of the uncondensed data. All the condensed data is on
one file of a magnetic tape in the format of PEP observa-
tion library tapes.
The first two columns of the list give the number and
name of each series. The name is formed from the day of
the year and an identifying letter. Date is the UTC date
at the start of the observation series (mm/dd). Where no
date occurs, it is the same date as the preceeding series.
Time is the UTC time of the first and last point in the
series (hhmm). When the time of the last point is numer-
ically less than the first point, the series actually ends
on the following UTC day. Sites are the locations of the
observing telescopes; ACN: Ascension Island in the South
Atlantic Ocean; MAD: Madrid, Spain; MIL: Merritt Island,
Florida; ETC: Greenbelt, Maryland; TEX: Corpus Christi,
Texas; GDS: Goldstone, California. ALSEPS are the two ob-
served transmitters, designated by their Apollo mission
numbers.
The first 177 series, the "first half", are those
series covering the same period as was used in King's solu-
tions. The notes indicate when the series was not used in
the "first half" solution or in the solution using the to-
tal ALSEP time span.
16
Notes
1 - The series was not included in the solution duplicating
King's solution (the "first half"); the series had
large postfit residuals.
The series was not included in the solution using the
total ALSEP time span:
2 - the series had large systematic errors in the postfit
residuals.
3 - the series is redundant or an ALSEPl2-14 observation
which adds no significant information, or the series
was one of only four with ETC as an observing site.
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